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AB ST R AC T 
Exper iments  were  done to  learn  the c r i t i c a l  f lowrate of two-phase 
ni t rogen through an  orifice.  
of a two-phase fluid a r e  summar ized  and compared  with exper imenta l  
data .  The  exper imenta l  data  appear  to  fit Ward ' s  analysis  be t t e r  than 
any other analysis .  
Recent ana lyses  of the c r i t i ca l  f lowrate  
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CRITICAL FLOWRATE O F  TWO-PHASE NITROGEN 
Hugh M. Campbell ,  J r .  and Thomas  J. Overcamp':' 
George C. Marsha l l  Space Fl ight  Center  
SUMMARY 
Exper iments  w e r e  done to determine the c r i t i c a l  f lowrate  for  
two-phase nitrogen. 
a r e  summar ized  and compared  with exper imenta l  r e su l t s  obtained in  
this  p rogram.  
Recent c r i t i ca l  two-phase fluid flow analyses  
Most c r i t i ca l  two-phase fluid flow ana lyses  ut i l ize  an  assumpt ion  
of thermodynamic equi l ibr ium, which causes  experimental  r e su l t s  t o  
deviate  f r o m  the  ana lys i s  at low qualit ies.  Th i s  cha rac t e r i s t i c  devia-  
tion was noted in  the data  obtained during this  p r o g r a m .  The  exper i -  
menta l  data  appear  to  be m o r e  closely approximated by Ward's 
ana lys i s  than any other .  
INTRODUCTION 
Since the end of World W a r  I1 s c i en t i s t s  have devoted much t i m e  
to  the investigation of two-phase fluid flow, critical two-phase fluid 
flow, and heat t r a n s f e r  to a two-phase fluid. 
work  on two-phase fluid flow was f o r  application to  nuc lear  r e a c t o r  
design.  
and s t eam.  With the advent of space  boos te r s ,  considerable  curos i ty  
has  been expres sed  over  the  c r i t i ca l  two-phase flow f o r  the cryogeni: 
f luids .  
t an t  in  answer ing  questions on the venting of propel lant  tanks while in  
orb i t ,  chil l  of t r a n s f e r  and engine propel lant  l ines  , and in advancing 
the s ta te -of - the-ar t  i n  boos te r  design. 
T h e  m a j o r  port ion of the 
Consequently m o s t  of the ana lyses  w e r e  ver i f ied with w a t e r  
The investigation of two-phase fluid flow phenomena i s  i m p o r -  
The  c r i t i ca l  f lowrate  of a fluid is not a new phenomenon, but is 
wel l  known, both theoret ical ly  and experimental ly ,  f o r  a compress ib l e  
fluid. 
thermodynamics  and compress ib le  fluid-flow textbooks. 
The theory  of c r i t i ca l  gaseous fluid flow is developed in  m o s t  
When a 
+NASA s u m m e r  student employee, Michigan Sta te  Universi ty ,  
E a s t  Lansing,  Michigan 
gaseous fluid f lows through a r e s t r i c t ion ,  the weight f lowra te  is 
i n c r e a s e d  by dec reas ing  the p r e s s u r e  downst ream of the r e s t r i c t ion ,  
because  the potential  causing the fluid to  flow is the p r e s s u r e  gradient .  
As the  downstream p r e s s u r e  continues to d e c r e a s e ,  the weight flow- 
r a t e  continues to  i n c r e a s e  until  a l imit ing weight f lowra te  is at ta ined.  
T h i s  l imit ing weight f lowra te  is at ta ined when the  fluid velocity i n  the 
th roa t  of the r e s t r i c t ion  coincides with the speed  of sound i n  the  flow- 
ing fluid. Once the  c r i t i ca l  f lowra te  is at ta ined,  additional d e c r e a s e s  
i n  downst ream p r e s s u r e  will  produce no  change in the weight f lowrate .  
With a constant u p s t r e a m  p r e s s u r e ,  the max imum ra t io  of the p r e s s u r e  
u p s t r e a m  of the  r e s t r i c t ion  t o  the p r e s s u r e  at the  s m a l l e s t  c r o s s -  
sect ional  a r e a  in the r e s t r i c t ion  is known as the c r i t i ca l  p r e s s u r e  
rat io .  
is shown in F igu re  1. T h e  u p s t r e a m  p r e s s u r e  can b e  i n c r e a s e d  when 
the p r e s s u r e  r a t i o  is subc r i t i ca l ,  and the only changes in  weight flow- 
r a t e  will  be due t o  changes in fluid densi ty  o r  changes in the speed  of 
sound in  the flowing fluid caused  by the i n c r e a s e d  p r e s s u r e .  
T h e  relat ionship between weight f lowra te  and p r e s s u r e  r a t io  
Two-phase fluid flow exhibits the same c r i t i ca l  flow phenomenon 
as gaseous  fluid flow. Two-phase c r i t i c a l  flow i s  not analyzed s o  
readi ly  as gaseous fluid flow, and consequently,  i t  i s  not analyzed 
i n  the textbooks. Cr i t i ca l  two-phase fluid flow ana lys is  i s  g rea t ly  
hindered by thermodynamic metastabi l i ty .  
completely homogeneous fluid in thermodynamic equi l ibr ium yield 
r e s u l t s  considerably below m e a s u r e d  f lowrates .  
thermodynamic equi l ibr ium and the var ious  two-phase fluid flow 
pa t t e rns  yield good r e s u l t s  in long tubes where  no large amount  of 
thermodynamic metas tab i l i ty  exis ts .  
of m a s s  f rom one phase to  the other  a r e  a l s o  used to  pred ic t  the 
c r i t i c a l  two-phas e flow ra te .  
Analyses  based  on a 
Analyses  based  on 
Analyses  a s suming  no exchange 
RECENT ANALYSIS O F  CRITICAL TWO-PHASE FLUID FLOW 
Levy [ l ]  pred ic ted  the c r i t i ca l  two-phase mass f lowra te  f o r  s t e a m  
and w a t e r .  Assuming thermodynamic  equi l ibr ium,  each  phase  can b e  
r ep resen ted  by a unique m e a n  velocity and no f r ic t iona l  o r  hydros ta t ic  
head  l o s s e s .  
de r ived  e a r l i e r  by the s a m e  author .  
This  ana lys i s  was  based  on a momentum exchange 
Using the relation: 
2 
The p a r a m e t e r  V, is given by: 
2 VB (1-xf - v g x  t vm - -
Y (1-Y) 
U s i n g  the Bernoul l i  equation and the equation of continuity with the 
assumpt ions  of no f r ic t iona l  o r  hydrostat ic  p r e s s u r e  l o s s e s ,  the 
g rav ime t r i c  and volumetr ic  quality can be r e l a t ed  by: 
Equation ( 3 )  is significant because i t  is an a c c u r a t e  re la t ionship 
between g rav ime t r i c  and volumetr ic  quality tha t  does not depend on 
the assumption of a homogeneous fluid,  and  nothing is r equ i r ed  t o  
r e l a t e  these  two p a r a m e t e r s  other  than the l iquid and vapor  specif ic  
volume. 
Equations (2) and ( 3 )  w e r e  then different ia ted t o  give: 
t 1 / 2  (2) f t ( 1  -7’1 
1 - Y  
T h e s e  r e s u l t s  w e r e  then used in  the following equation to de t e rmine  
3 
The  r e su l t s  of equation (6)  w e r e  used in equation (1)  to  de t e rmine  the 
c r i t i ca l  two-phase mass f lowrate .  
max imum cr i t ica l  two-phase f lowra te  is  a t ta ined when the p r o c e s s  
through the  obstruct ion is i sen t ropic .  
a n  isenthalpic p r o c e s s  and  the difference between the values obtained 
using these  two p r e m i s e s  is small. 
Th i s  der ivat ion a s s u m e s  that the 
Compar isons  w e r e  m a d e  f o r  
Comparison was  made  between the pred ic ted  values  and expe r i -  
menta l  data  f r o m  wa te r  and  s t e a m  and the ag reemen t  was  good. In 
all c a s e s  where  L e v y ' s  predict ion was  compared  with exper imenta l  
da ta ,  the d a t a w e r e  s l ight ly  below the pred ic ted  value o r  the predict ion 
appeared  to be a good a v e r a g e  of the da ta .  Cr i t ica l  th roa t  p r e s s u r e  
v e r s u s  stagnation quality is shown f o r  hydrogen in F i g u r e  2 ,  f o r  
ni t rogen i n  F igu re  4 and f o r  oxygen in  F i g u r e  6 using L e v y ' s  ana lys i s ,  
Cr i t ica l  m a s s  f lowrate  is shown v e r s u s  stagnation quality f o r  hydrogen 
in  F i g u r e  3 ,  f o r  ni t rogen in F i g u r e  5 and  f o r  oxygen in F i g u r e  7 using 
L e v y ' s  ana lys i s  
Moody [2]  predicted the max imum f lowra te  of a s ingle  component 
He  f u r t h e r  a s s u m e d  
two-phase mixture  a s suming  annular  flow, uniform l i n e a r  veloci t ies  
f o r  each phase,and thermodynamic equi l ibr ium. 
that the liquid and vapor w e r e  a t  the s a m e  s t a t i c  p r e s s u r e  a t  any  ax ia l  
location in  the nozzle and that the s l i p  r a t io  ( the  r a t io  of the mean vapor  
velocity to tile mean  liquid velocity) is a n  independant var iab le .  U s i n g  
the relations:  
( 8 )  
- 3  I 2 ho = x (h t #g 2, t (1  - x) (he t 10 "rp ) f3 
x =  5 
W 
( 9 )  
4 
y = A ,  
A 
Equation (7),  (8),  ( 9 ) ,  ( l o ) ,  ( l l ) ,  (12) and (13) can be  solved to give the 
following relat ionship between x and y: 
1 v =  , 
1 t K [(e) (+)I 
By definition, the i sen t ropic  stagnation s t a t e  is  defined as ,  "the s t a t e  
a flowing fluid would at ta in  i f  i t  underwent a r eve r s ib ly  adiabat ic  
dece lera t ion  to  z e r o  velocity" [ 31. Hence: 
(16) Equat ions (7)  through (15) w e r e  then solved to  yield: 
Equation (16) shows that  the  mass f lowra te  through a nozzle  is a 
funct ion of stagnation enthalpy, sl ip ra t io ,  and  p r e s s u r e .  
was  different ia ted with r e spec t  to K and s e t  equal to  z e r o  t o  yield: 
Equation (16) 
and  was  different ia ted with respect  t o  p r e s s u r e , s e t  equal to  z e r o ,  and 
the  following equation resul ted:  
. 
G~ = J Z  a(ad + 2be) l o 4 [  
5 
where :  
) t x ( 1 - -  
1 1 b = -  
K2m m K 2 m  
c = - [ V i m  t x m ( V g m  - v  Pm ) I  
r 1 1 
fr 1 
1 -(. g m  - s  em 
m 
e = t s m )  [$ (*)Im+ (K:s:m) (: a ) m  
Curves  w e r e  then presented  showing the loca l  p r e s s u r e  and  
max imum m a s s  f lowra tes  in  t e r m s  of s tagnat ion enthalpy and  s t ag -  
nation p r e s s u r e .  
experimental  data  with a good d e g r e e  of co r re l a t ion .  
p r e s s u r e  using Moody's Maximized Ana lys i s  is sliown v e r s u s  stagnation 
quality f o r  hydrogen in  F i g u r e  8 ,  f o r  n i t rogen  in F i g u r e  10,  and  f o r  
oxygen in F igure  12. 
Analysis  is  shown ve r sus  stagnation quali ty f o r  hydrogen in F i g u r e  9 ,  
f o r  ni t rogen in F i g u r e  11, and f o r  oxygen in F i g u r e  13. 
A compar i son  w a s  made between the  ana lys i s  and  
Cr i t ica l  th roa t  
Cr i t ica l  mass f lowra te  using Moody's Maximized 
6 
Ward [4] der ived  two models  f o r  predict ing the c r i t i ca l  two-phase 
mass f lowrate .  The  following equations w e r e  used  in both ana lyses .  
wg 
W x =  
A = A i +  A g  
Equations (20) through (23) were  combined to  yield: 
5 =  -1 
T h e  following assumpt ions  w e r e  uti l ized in the "F rozen  Equili-  
b r i u m  Model": 
1 .  No fr ic t ional  p r e s s u r e  l o s s e s  
2. 
3. I sen t ropic  expansion 
4. 
5. 
6.  
7. 
No mass o r  energy  exchange between the two phases  
Uniform p r e s s u r e s  a c r o s s  any c r o s s  sect ion 
No shear ing  s t r e s s  between the l iquid and vapor phase  
Negligible velocity at the or i f ice  o r  nozzle inlet  
The  vapor  phase  behaves as a pe r fec t  gas  
T h e  l iquid and  vapor veloci t ies  m a y  then b e  e x p r e s s e d  as: 
7 
Equations (25) and (26) can then be  combined with the continuity 
equation to  yield: 
Y -1/Y =d( “;04) (*) [ 1 - (t) ] [Po($) liY] (28) 
Equations (27) and (28)  w e r e  subst i tuted into equation (24) ,  d i f fe ren t ia ted  
with r e s p e c t  to (p / p i ) ,  and equated to  z e r o  to  yield: 
The  r a t io  of throat  p r e s s u r e  to  in le t  p r e s s u r e  that  would s a t i s f y  
equation (29) was then de te rmined  f o r  s e v e r a l  va lues  of the spec i f ic  
hea t  r a t io  and in le t  p r e s s u r e .  
p r e s s u r e  to  i n l e t  p r e s s u r e  w e r e  then used  in  equat ions (24) ,  (27) and  
(28) to  compute the c r i t i ca l  two-phase mass f lowra te .  
p r e s s u r e  ve r sus  stagnation quali ty using Ward’s  F r o z e n  Equi l ibr ium 
Model is shown f o r  hydrogen i n  F i g u r e  14, f o r  n i t rogen  i n  F i g u r e  16 
and f o r  oxygen in  F i g u r e  18. Cr i t ica l  mass f lowra te  v e r s u s  s tagna-  
tion quali ty is shown f o r  hydrogen in  F i g u r e  15,  f o r  n i t rogen  i n  
F i g u r e  17 and f o r  oxygen in  F i g u r e  19. 
T h e s e  values  of the r a t io  of th roa t  
Cr i t i ca l  t h roa t  
The  following assumpt ions  w e r e  used  with the  Separate-Phase 
Shifting Equi l ibr ium Model: 
1.  N o  i r ic t iona l  p r e s s u r e  l o s s e s  
2. N o  ,sass o r  energy  exchange between the  two p h a s e s  
8 
3. Thermodynamic  equi l ibr ium 
4. I sen t ropic  expansion 
5.  
6 .  
7. 
The  port ion of the l iquid which vapor izes  o r  g a s  that  condenses  
The  s t a t i c  p r e s s u r e  is uniform a c r o s s  any  c r o s s  sect ion 
Negligible velocity a t  the nozzle  o r  or i f ice  in le t  
continues to move a t  the s a m e  velocity as i t s  p a r e n t  phase .  
F r o m  the genera l  energy  equation, the l iquid and g a s  velocity can 
be  expres sed  as: 
4 2  x 104(hgo - h g )  
Combining equations (30) and  (31)  with the continuity equation and 
subst i tut ing th i s  r e s u l t  into equation (24) yields:  
1 
xi V -+ 
2 x 104(hgo - h g )  ha' 2 i04(hao - 
Assuming  a constant inlet  p r e s s u r e  and qual i ty ,  then allowing the  
downs t r eam p r e s s u r e  to  d e c r e a s e ,  equation (32) will  a t ta in  a max imum 
and t h e r e a f t e r  will  d e c r e a s e .  
f l owra te  obtained by the "Separa te -Phase  Shifting Equi l ibr ium Model. I '  
This max imum point is the m a x i m u m  
Cr i t ica l  th roa t  p r e s s u r e  v e r s u s  stagnation quali ty using th i s  analy-  
sis is shown f o r  hydrogen on F i g u r e  20, f o r  n i t rogen  on F i g u r e  22, and 
f o r  oxygen on F i g u r e  24. Cri t ical  mass f lowra te  v e r s u s  s tagnat ion 
qual i ty  is shown on F i g u r e  21 f o r  hydrogen,  f o r  ni t rogen on F i g u r e  23 ,  
and f o r  oxygen on F i g u r e  25. 
USE OF CURVES 
Using F i g a r e  2 through 2 5 ,  the c r i t i ca l  p r e s s u r e  and mass 
f lowra te  m a y  b e  r ead  d i rec t ly .  The c h a r t s  using the d e s i r e d  model  
and  fluid are  f i rs t  de te rmined .  The  Stagnation quali ty and p r e s s u r e  
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are  entered ,  and the c r i t i ca l  th roa t  o r  r e c e i v e r  p r e s s u r e  is  de te rmined .  
Any absolute  r e c e i v e r  p r e s s u r e  below the c r i t i ca l  p r e s s u r e  will  not 
a l t e r  the m a s s  f lowrate .  Any absolute  r e c e i v e r  p r e s s u r e  above the 
c r i t i ca l  p r e s s u r e  will  r e s u l t  in  sub -c r i t i ca l  fluid flow, and the f lowra te  
can  be  de te rmined  using var ious equations f o r  two-phase fluid flow 
through a res t r ic t ion .  
T h e  stagnation quality and p r e s s u r e  a r e  then en te red  into the 
c h a r t s  to de te rmine  the c r i t i ca l  mass f lowrate .  T h e  c r i t i ca l  mass 
f lowra te  will b e  unique when the  r ece ive r  p r e s s u r e  is below o r  equal 
t o  the c r i t i ca l  p r e s s u r e .  
EXPERIMENTAL APPARATUS AND PROCEDURE 
Exper imenta l  Appara tus  
T h e  exper imenta l  appa ra tus  cons is ted  of a 4.7 c m  (1.87 in.  ) 
d i a m e t e r  by 86.5 c m  ( 3 4  i n . )  long hor izonta l ,  cyl indrical  plenum 
chamber .  The two-phase fluid en te red  the plenum through a 1 .06  cm 
(0.42 i n . )  d i ame te r  square-edge  o r i f i ce  and  exited through a 2.87 c m  
(1. 13  i n . )  d i ame te r  square-edge  or i f ice .  
Two-phase fluid flow was genera ted  u p s t r e a m  of the plenum by 
mixing liquid and gaseous ni t rogen.  Slightly subcooled l iquid ni t rogen 
was  supplied t o  the region immedia te ly  u p s t r e a m  of the plenum f r o m  a 
liquid nitrogen Dewar.  Liquid f lowra te  w a s  m e a s u r e d  with a turbine-  
type flowrrieter. 1 iquid iiitro:,t:n t e m p e r a t u r e  was  m e a s u r e d  wit's- a 
copper-constantan thermocoliplc,. 
s u r e  GN, supply syFtein wa:> supp'lit-d to tlie region immedia te ly  up- 
s t r e a m  of the plenum w!:ere i t  was mixed with LN,  to  give tlle two-phase 
fluid with the d e s i r e d  quality. GN, f lowra te  was  m e a s u r e d  with a 
turbine- type f lowmete r ,  t e m p e r a t u r e  was m e a s u r e d  with a copper -  
constantan thermocouple ,  and p r e s s u r e  w a s  m e a s u r e d  with a p r e s s u r e  
gauge. The  plenum chamber  and mixing region w e r e  insulated with 
polyurethane foam to  prevent  hea t  t r a n s f e r  to  the  fluid. 
Crasrtous ni t rogen f r o m  a high p r e s -  
T h e  two-phase fluid was  exhausted f r o m  the  p lenum chamber  
through the  2.87 cm d i a m e t e r  or i f ice  into a vacuum chamber .  
A schemat ic  of the exper imenta l  a p p a r a t u s  is  shown in F i g u r e  26, 
and the appara tus  is p ic tured  in F i g u r e  27. 
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Exp e rim en tal P r o c  e du r e 
Upon s t a r t i ng  an  exper iment ,  liquid and gaseous ni t rogen w e r e  
mixed  in such  propor t ions  as to give the  d e s i r e d  quali ty.  F lu id  was 
then allowed to  flow through the mixing region and plenum chamber  
in to  the  vacuum chamber  until  the apparatus  had reached  the rma l  
equi l ibr ium. Af t e r  sufficient time w a s  allowed f o r  the appara tus  to  
r each  the rma l  equi l ibr ium, the  data 'were recorded .  
T o  i n s u r e  critical flow through the u p s t r e a m  or i f ice ,  the plenum 
chamber  p r e s s u r e  was  maintained below 2.85 N / c m 2  (4.0 ps ia) .  
Exper imenta l  conditions w e r e  selected so that  the en t i r e  quali ty range  
was covered.  
Data Reduction 
, I  
Volumetr ic  f lowra tes  w e r e  converted to  mass f lowra tes  using f luid 
p r o p e r t i e s  tabulated in Reference  5 . 
fluid states, and assuming:  
Knowing the mass f lowra tes  and 
1. Negligible fluid kinet ic  energy 
2. No hea t  t r a n s f e r  t o  the fluid 
the fluid quali ty can  b e  computed by the  following equation. 
Re  su l  t s 
Th i r ty - s ix  exper iments  w e r e  conducted that  covered  the e n t i r e  
quali ty range.  
plot ted v e r s u s  stagnation quali ty in F i g u r e  28. 
Exper imenta l  resu l t s  are tabulated in  Table  I and a r e  
Exper imen ta l  da ta  are compared t o  the predict ions in F i g u r e  28. 
The  exper imenta l  da ta  w e r e  divided by 0.6 to  account f o r  the effect  of 
the or i f ice  coefficient. 
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CONCLUSIONS 
Upon comparing the analyt ical  predict ions to  the exper imenta l  
da ta ,  i t  can be  concluded that the analyt ical  predict ions a r e  valid f o r  
the cryogens.  
f o r  the or i f ice  coefficient,it can be  seen  that the experimental  data  a r e  
b e s t  approximated a t  high quali ty by Ward ' s  Separa te  P h a s e  Shifting 
Equi l ibr ium Model,  and a t  low qual i t ies  by Moody's Analysis .  
shape of the experimental  da ta ,  when plotted v e r s u s  stagnation quali ty,  
is bes t  approximated by Ward ' s  F r o z e n  Equi l ibr ium Model. 
Af t e r  adjusting the experimental  da ta  to  compensate  
The 
It should be  noted that the predict ions a r e  valid f o r  a medium to 
high-quality f luid,  but fail f o r  a low-quality fluid.  
12 
L 
REFERENCES 
1. 
2.  
3. 
4. 
5. 
Levy,  S . ,  Predic t ion  of Two-Phase Cr i t i ca l  Flow Rate ,  
Jou rna l  of Heat T r a n s f e r ,  Vol C87, No. 1 ,  pp 53-58, 
F e b r u a r y  1965. 
Moody, F. J . ,  Maximum F lowra te  of a Single Component, 
Two-Phase  Mixture ,  Journa l  of Heat  T r a n s f e r ,  Vol C87, 
No. 1 ,  pp 134-142, F e b r u a r y  1965. 
Van Wylen, Gorden J . ,  Thermodynamics ,  p 343, second 
edit ion,  John Wiley and Sons, New York, N. Y . ,  1962. 
Ward,  Wiley, D . ,  Calculations of Mass-Flow and T h r u s t  
Produced  f o r  a Two-Phase F lu id  Mixture  P a s s i n g  Through a 
Choked Nozzle,  NASA Technical Memorandum No. TMX- 
53269, George C. Marsha l l  Space F l ight  Cen te r ,  August 4,  
1965. 
S t robr idge ,  Thomas R, The Thermodynamic  P r o p e r t i e s  of 
Nitrogen F r o m  114 to  540 R between 1 .0  and 3000 p s i a ,  
Supplement A (Br i t i sh  Units) .  , 
Technical  Note 129A, F e b r u a r y  1963. 
National Bureau  of S tandards ,  
BIBLIOGRAPHY 
Binde r ,  R. C . ,  Fluid Mechanics th i rd  e d . ,  Pren t ice-Hal l  Inc . ,  
Englewood Cliff, N. J . ,  1956. 
S tewar t ,  R. B.,  Hust,  J. G. ,  and McCar ty ,  R. D. ,  In t e r im  
Thermodynamic  P r o p e r t i e s  f o r  Gaseous Oxygen at T e m p e r a t u r e s  
F r o m  55 t o  300K and P r e s s u r e s  to  300 Atmospheres ,  
Bureau  of Standards Repor t  No. 7922, October  1963. 
National 
Dean, John W . ,  A Tabulation of The  Thermodynamic P r o p e r t i e s  
of Normal  Hydrogen F o r m  Low T e m p e r a t u r e  to  540 R and F r o m  
10 to 1500 ps i a ,  Supplement A (Br i t i sh  Units) ,  National Bureau  
of Standards Technical  Note 120A, June  1962. 
13 
TABLE I 
EXPERIMENTAL RESULTS 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
14 
.004558 
. 001699 
. 004360 
.002378 
.005747 
.004756 
.003171 
.001982 
.004869 
.004869 
.002180 
. 002293 
. 002491 
.002378 
.005747 
.007247 
.002689 
. 005 152 
.008238 
.004360 
.008238 
.013815 
. 003652 
.002576 
.003878 
.004756 
.003680 
.007729 
.006653 
.010333 
.00914 
.0095 1 
.010729 
. 0 1042 
.008635 
.012598 
.5863 
.6160 
.60923 
.6231 
.5475 
.5772 
.5911 
.60815 
.5520 
.5602 
.5738 
.5716 
.5682 
.5682 
.4960 
.6540 
.5682 
.5419 
. 1829 
.5900 
.4617 
.5648 
.6002 
.6092 
.5761 
.5738 
.5852 
.4275 
.4892 
.3018 
.4459 
.1704 
.2239 
.27206 
.3808 
.1223 
272.22 
267.77 
268. 33 
268.88 
267.77 
267 .77  
267.77 
265 .55  
266. 56 
266.66 
266.66 
267.77 
267.77 
268 .88  
270.00 
270.00 
271.11 
271.11 
272.22 
271.11 
270.00 
270.00 
272.22 
272.22 
270.00 
268.88 
270.00 
271.11 
271.11 
271.11 
269.44 
270.00 
268.88 
269.44 
268.88 
268.88 
. 0 8 0  
. 0 4 3  
. 0 7 8  
. 052 
. 0 9 4  
. 083 
.062 
.047 
.083  
.083  
.049  
. 050 
.052 
.051 
, 0 9 4  
.117 
.055 
.086  
.114  
. 077 
. 124 
.092 
.069  
.055 
.071  
.082 
.068  
. l o 1  
. l o 4  
. 146 
.135 
.131 
.148 
. 146 
. 126 
. 169 
.477 
.969  
.511  
.799  
.369  
.456  
. 6 3 9  
.877 
.431  
.436  
.801  
.777 
, 7 3 3  
, 7 5 4  
.337 
.351 
.697 
.402 
, 0 6 2  
.497 
.219 
.391 
.577 
.749 
.537 
.452 
,566  
.216  
.289 
. l o 1  
.189  
.045 
.061  
.086  
.169  
. 0 0 4  
17.024 
16.962 
17 .265  
17.106 
16.762 
17.106 
16.893 
17 .106  
17. 024 
17.024 
17.148 
16.824 
16.962 
17.024 
16.955 
16.755 
17.106 
16.755 
16.893 
17.106 
16.824 
17 ,175  
16.824 
17. 106 
16.962 
17.024 
16.893 
16.824 
16.824 
16.893 
17.024 
16.824 
16.755 
17.106 
16.962 
17.106 
2.241 
2.186 
2.227 
2.317 
2.227 
2.186 
2.255 
2 .358  
2.310 
2.427 
2.. 358 
2.158 
2.241 
2.172 
2.462 
2.400 
2 .358  
2.344 
2.310 
2.372 
2.344 
2 .213  
2.331 
2.186 
2.144 
2.317 
2.400 
2.227 
2.186 
2.517 
2.413 
2.234 
2.482 
2.475 
2.317 
2 .613  
1 .469  
1.469 
1 .0411 
1.731 
1.496 
i 
1. 331 
1 .641  1 
1.800 
1.731 
1.531 
1.827 
1.  331 
1.627 
1.282 
2.000 
1.731 
1.972 
2.000 
1.469 
1 .813  
1.400 
1.069 
1.731 
1.386 
1.800 
1.117 
1.869 
1.331 
0.903 
1.331 
1.469 
1.469 
1.200 
1.331 - 
0.931 
1.593 
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F I G  1 Relationship of Weight Flowrate Versus P r e s s u r e  
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